Histone deacetylases (HDACs) catalyze deacetylation of acetyl-lysine residues within proteins. To date, HDAC substrate specificity and selectivity have been largely estimated using peptide substrates. However, it is unclear whether peptide substrates accurately reflect the substrate selectivity of HDAC8 toward full-length proteins. Here, we compare HDAC8 substrate selectivity in the context of peptides, full-length proteins, and protein-nucleic acid complexes. We demonstrate that HDAC8 catalyzes deacetylation of tetrameric histone (H3/H4) substrates with catalytic efficiencies that are 40 -300-fold higher than those for corresponding peptide substrates. Thus, we conclude that additional contacts with protein substrates enhance catalytic efficiency. However, the catalytic efficiency decreases for larger multiprotein complexes. These differences in HDAC8 substrate selectivity for peptides and full-length proteins suggest that HDAC8 substrate preference is based on a combination of short-and long-range interactions. In summary, this work presents detailed kinetics for HDAC8-catalyzed deacetylation of singly-acetylated, full-length protein substrates, revealing that HDAC8 substrate selectivity is determined by multiple factors. These insights provide a foundation for understanding recognition of full-length proteins by HDACs. . 4 The abbreviations used are: HDAC, histone deacetylase; CHCA, ␣-cyano-4hydroxy-cinnamic acid; H3/H4, tetrameric histone H3/H4; ICP-MS, inductively coupled plasma mass spectrometry; IPTG, isopropyl ␤-D-1-thiogalac-topyranoside; KAT, acetyltransferase; MTO, multiple turnover; , STO, single turnover; TCEP, tris(2-carboxyethyl)phosphine hydrochloride; TEV, tobacco etch virus; CHCA, ␣-cyano-4-hydroxycinnamic acid.
The histone deacetylase (HDAC) 4 family of enzymes includes 18 proteins that catalyze the hydrolysis of the acetyl moiety from acetyl-lysine residues within substrate proteins (1, 2) . Protein acetylation, catalyzed by lysine acetyltransferases (KATs), alters various properties of the modified protein (e.g. protein-protein interactions) (3) . These alterations can in turn affect downstream cellular events (4, 5) . As a result, regulation of acetylation by the respective activities of KATs and HDACs is important for effective cellular signaling and homeostasis; aberrant acetylation/deacetylation is implicated in pathologies ranging from neurological diseases (6, 7) to cancers (8, 9) . HDAC inhibitors have been approved by the Food and Drug Administration for the treatment of T-cell lymphomas and multiple myeloma (10 -12) . Identifying the specific substrate set for each HDAC isozyme is important for understanding the role of HDACs in disease progression and therapeutic development.
To date, testing HDAC substrate specificity has remained a challenge, due in part to HDAC isozyme interchangeability and promiscuity and the inherent difficulty in measuring the disappearance of signal from a previously modified substrate. To mitigate these difficulties, the HDAC field has sought to identify sequence motifs that define the substrate selectivity of each isozyme (13) (14) (15) (16) . Most of these studies have used peptide substrates to determine HDAC recognition motifs. However, the use of peptides to mimic recognition of protein substrates has not been sufficiently validated. Gurard-Levin and Mrksich (15) proposed an exosite model, in which HDAC8 contains one or more substrate-binding surfaces away from the active site, after observing HDAC8 sequence selectivity distal to the acetyl-lysine in H4-based peptides longer than 20 amino acids. However, outside of qualitative experiments (17, 18) , there has been no kinetic characterization of HDAC-catalyzed deacetylation of protein substrates. HDAC8 is the best-characterized HDAC, with numerous crystal structures (19 -27) , kinetic studies (28 -30) , and peptide substrate specificity measurements (13) (14) (15) (16) , providing an important background for the investigation of HDAC activity with protein substrates. Although several putative HDAC8 substrates have been identified by cellular studies, including overexpression (e.g. estrogen-related receptor ␣ (31)), genetic mutation (e.g. structural maintenance of chromo-some 3 (SMC3) (32, 33) ), and proteomic studies (e.g. AT-rich interaction domain 1A (ARID1A) (34) ), the complete protein substrate set for HDAC8 is largely undefined (31, 32, (35) (36) (37) (38) (39) (40) .
Histones are putative substrates for HDAC8. In HEK293 cells, H3 and H4 acetylation levels decrease upon overexpression of HDAC8 (41) . Moreover, treatment with the HDAC8specific suberanilohydroxamic acid-pyrrole-imidazole polyamide derivative inhibitor J␦ increased acetylated H3 levels and expression of HDAC8-regulated transcription factors in mouse embryonic fibroblasts (42) . Furthermore, HDAC8 catalyzes deacetylation of core histones and H3-based peptides in vitro (43, 44) ; however, detailed kinetics have not previously been determined.
Recently, substrate specificity for the Saccharomyces cerevisiae lysine acetyltransferase piccolo NuA4 has been measured using histone protein substrates, demonstrating acetylation of multiple lysine residues (45) . However, HDAC substrate specificity studies to date have utilized acetylated peptides (13-15, 46 -50) , predicated on the assumption that HDAC8 uses similar interactions to recognize peptide and full-length protein substrates. To test the validity of this assumption, we determined the deacetylation kinetics of peptides corresponding to three biologically relevant acetylation sites on the putative HDAC8 substrate histone H3 (H3 Lys-9, Lys-14, and Lys-56 (51, 52) ), and we compared the values to HDAC8-catalyzed deacetylation of full-length histone substrates.
To elucidate HDAC8 substrate specificity and recognition of protein substrates, we present the first detailed kinetic study of HDAC-catalyzed deacetylation of singly-acetylated, full-length protein substrates. Single acetyl-lysine side chains are inserted into H3 using non-natural amino acid incorporation (53, 54) . We directly compare HDAC8 activity toward peptide substrates and toward protein substrates with the same local primary sequences. Furthermore, we analyze the effect of large histone complexes (histone core octamer and mononucleosome) on HDAC8-catalyzed deacetylation of acetylated H3. We demonstrate that deacetylation of acetylated full-length H3 tetramer and octamer complexes catalyzed by HDAC8 is significantly faster (Ͼ8-fold) than that of acetylated peptides. However, the addition of DNA to form mononucleosomes decreases reactivity with HDAC8. These results demonstrate that HDAC8 specificity for H3 peptide tetramer substrates is not determined solely based on the six amino acids proximal to the acetyl-lysine; substrate specificity of HDAC8 is modulated by both long-range and short-range contacts for H3 substrates.
Results

Local sequence governs HDAC8 peptide specificity
We focused on the activity of HDAC8 with three acetylated lysine sites within histone H3, a histone known to be amenable to non-natural acetyl-lysine incorporation (54) . Two H3 acetylation sites (H3K9ac and H3K14ac) are located within proximity to each other on the N-terminal tail and share an unfolded secondary structure. Because these sites differ only in amino acid sequence, the role of primary sequence in HDAC8 substrate specificity can be probed. A third site (H3K56ac), located on an ␣-helix within the globular structure of H3 ( Fig. 1 ), allows the role of secondary structure in HDAC8 substrate recognition to be probed.
The rates of HDAC8-catalyzed deacetylation of 7-mer peptides representing the three amino acids upstream and downstream of the H3K9ac, H3K14ac, and H3K56ac acetylation sites were measured under multiple turnover (MTO) conditions, using an assay coupling acetyl-lysine deacetylation to the formation of NADH (Table 1 ) (55) . The initial rates were linearly dependent on peptide concentration, indicating that the K m values are higher than the peptide concentrations used in this assay (Ͼ100 M). The specificity constant (k cat /K m ) is the best parameter to use for comparing the activity of HDAC8 toward multiple substrates (56 -58) . HDAC8 has the highest catalytic efficiency for catalyzing hydrolysis of the H3K56ac peptide (k cat /K m ϭ 78 Ϯ 8.0 M Ϫ1 s Ϫ1 ), followed by the H3K9ac (56 Ϯ 6.0 M Ϫ1 s Ϫ1 ) and H3K14ac (8.0 Ϯ 0.70 M Ϫ1 s Ϫ1 ) peptides (Table 2) . To probe the importance of amino acids at further distances from the acetyl-lysine in determining substrate selectivity, longer peptides (13 and 17 amino acids) were assayed (Table 1) . Increasing the length of the peptides from 7 to 13 amino acids had little to no effect on catalytic efficiency (1-3-fold change) and did not affect the substrate selectivity trend of K56ac Ͼ K9ac Ͼ K14ac. A 17-amino acid peptide representing the H3K9ac site also showed less than a 3-fold increase in k cat /K m values compared with the 7-amino acid peptide (56 Ϯ 6.0 M Ϫ1 s Ϫ1 versus 120 Ϯ 11 M Ϫ1 s Ϫ1 ; Table 2 ). The modest differences in activity toward the longer peptides indicate that the primary sequence surrounding the acetylated lysine residue (Ϯ3 of the acetyl-lysine) is the largest determinant of selectivity in peptide substrates, consistent with previously published data (13) (14) (15) (16) .
HDAC8 catalyzes deacetylation of H3/H4 tetramers more efficiently than corresponding peptides
To investigate the importance of long-range HDAC8substrate interactions in substrate recognition, we compared the rates of HDAC8-catalyzed deacetylation of peptide and the Figure 1 . Shown is the structure of histone H3/H4 tetramer with highlighted acetylation sites. Shown is the structure of histone H3/H4 tetramer (62) with boxes around the sites that were acetylated. H3 is shown in blue and H4 in yellow. H3 residues 1-20 are shown in an extended conformation as they have no discrete fold within the crystal structure. The structure was generated from Protein Data Bank code 1AOI using VMD.
Table 1 Sequences of peptides used in this study
The amino acid sequences of the peptides assayed are provided. Kac represents the acetyl-lysine residue. All peptides contain N-terminal acetyl and C-terminal carboxamide moieties.
Peptide
7-mer peptide sequence 13-mer peptide sequence 17-mer peptide sequence
H3K9ac TARKacSTG TKQTARKacSTGGKA ARTKQTARKacSTGGKAPR H3K14ac TGGKacAPR RKSTGGKacAPRKQL H3K56ac RYQKacSTE EIRRYQKacSTELLI HDAC8 activity enhanced for protein substrates corresponding full-length protein. A major challenge in identifying HDAC substrates is determining the rates of deacetylation for individual acetyl-lysine sites, because HDAC substrates, such as histones, may have multiple acetylated lysine residues. We prepared proteins with single acetyl-lysine sites using the method of recombinant, non-natural amino acid incorporation developed by Chin and co-workers (53, 54) . In each case, Q-TOF LC/MS of modified histone H3 demonstrated a mass change corresponding to an added acetylated lysine (data not shown). To stabilize H3, H3 was assembled into an H3/H4 tetramer. We measured HDAC8 activity toward the singly-acetylated H3 proteins acetylated at the H3K9, H3K14, and H3K56 sites under single turnover (STO) conditions (3-15 M HDAC8 and 0.5 M acetylated H3/H4 tetramer) and assayed deacetylation by MS analysis. STO experiments were used to minimize the amount of singly-acetylated H3/H4 tetramer needed. An exponential decay was fit to the reaction progress curves to determine the observed rate constants, k obs ( Fig. 2A) . The observed rate of deacetylation of the H3K9ac/H4 tetramer was independent of the HDAC8 concentrations used in these assays indicating that the enzyme concentration is above the K1 ⁄ 2 for the reaction, even at the lowest concentration (3 M). In contrast, the H3K14ac/H4 and H3K56ac/H4 tetramers show hyperbolic and nearly linear dependence, respectively, on the HDAC8 concentration. Assuming rapid equilibration of the HDAC8 -H3/H4 complex, a hyperbolic fit to these data yields values of k max /K1 ⁄ 2 equal to Ͼ17,000, 2,500 Ϯ 70, and 4,000 Ϯ 600 M Ϫ1 s Ϫ1 for the H3K9ac, H3K14ac, and H3K56ac tetramers, respectively ( Fig. 2 , B-D and Table 2 ). H3K9ac tetramer deacetylation is an order of magnitude faster than H3K56ac, followed by H3K14ac deacetylation. Each of these catalytic efficiencies is 40 -300-fold faster than the corresponding peptide k cat /K1 ⁄ 2 values.
The specificity constants indicate that substrate selectivity of HDAC8 for these H3 sites varies for the peptide (K56ac ϳ K9ac Ͼ K14ac) and protein (K9ac Ͼ Ͼ K56ac Ͼ K14ac) substrates. The values of k max /K1 ⁄2 (measures binding through deacetylation) and k cat /K m (measures binding through dissoci- . These fits demonstrate that the K1 ⁄2 is Ͻ1.5 M and k max /K1 ⁄2 is Ͼ17,000 M Ϫ1 s Ϫ1 . The data points are from multiple measurements in a single reaction at each HDAC8 concentration. C, dependence of the deacetylation rate constant for H3K14ac/H4 on the concentration of HDAC8. The data points are from multiple measurements in a single reaction at each HDAC8 concentration. A hyperbolic fit indicates that the k max /K1 ⁄2 is 2,500 Ϯ 70 M Ϫ1 s Ϫ1 with an estimated value for k max of 0.06 s Ϫ1 . D, dependence of the deacetylation rate constant for H3K56ac/H4 on the concentration of HDAC8. The data points are from multiple measurements in a single reaction at each HDAC8 concentration. A linear fit indicates that the k max /K1 ⁄2 is 4,000 Ϯ 600 M Ϫ1 s Ϫ1 .
Table 2 Catalytic efficiencies for deacetylation of histone substrates by HDAC8
HDAC8 activity was measured, and catalytic efficiencies were determined as described under "Experimental procedures" and the legends of Figs. 2-4.
Substrate
7-mer peptide 13-mer peptide 17-mer peptide Tetramer Octamer Nucleosome HDAC8 activity enhanced for protein substrates ation) can be directly compared if product release is not ratelimiting under multiple turnover conditions. Previous data suggest that the deacetylation step is likely the rate-limiting step (see "Discussion"), also suggesting that K1 ⁄ 2 and K m reflect K D values (28, 44) . To validate our assumption in comparing the STO and MTO data, we assayed the 13-mer H3K9ac peptide under both STO and MTO conditions. MALDI-MS was used to measure HDAC8-catalyzed deacetylation of the peptide, due to the high enzyme concentration and sample size constraints in the enzyme-coupled peptide deacetylation assay. Using this method, the rate constant, k max /K1 ⁄ 2 , is 153 M Ϫ1 s Ϫ1 (data not shown). This rate constant is within 3-fold of the value of the k cat /K m of 51 Ϯ 3 M Ϫ1 s Ϫ1 measured by the fluorescence-based peptide deacetylation assay. These data suggest that the STO measurements for the peptide substrates could be increased modestly compared with the MTO data but not enough to explain the increased reactivity of the protein substrates.
Comparison of the multiple turnover data for peptides and the single turnover data measured for full-length proteins demonstrates that interactions outside of short peptide sequences are important for directing HDAC8 substrate selectivity and enhancing catalytic efficiency. Further analysis demonstrates that the H3 peptides have K m values higher than 100 M (data not shown), whereas the H3K9ac/H4, H3K14ac/H4, and H3K56/H4 tetramers have K1 ⁄ 2 values of Ͻ1.5, 19 Ϯ 1, and Ͼ11 M, respectively. Therefore, one factor leading to the increase in catalytic efficiency is a decrease in the value of K1 ⁄ 2 in the STO reactions relative to K m for the peptides, suggesting enhanced binding affinity of the protein substrates. These differences suggest that long-range interactions enhance activity of HDAC8 toward full-length substrates.
The catalytic efficiency of HDAC8 toward its substrates is enhanced for all three H3Kac sites tested in the context of the tetramer compared with the corresponding peptides. However, relative HDAC8 activity for the tetramer sites compared with the peptides is different. The largest observed enhancement in catalytic efficiency is for the H3K9ac substrates (140 -300-fold increase with the tetramer substrate), followed by H3K14ac (120 -300-fold) and then H3K56ac (40 -50-fold). In particular, the modest selectivity of HDAC8-catalyzed deacetylation of H3K56ac peptide compared with H3K9ac peptides is not maintained in the tetramer substrates, as would be expected if local sequence was the only determinant of substrate recognition.
Octamer substrates less reactive than tetramers
To further examine full-length substrate selectivity, we measured the deacetylase activity of HDAC8 toward histone octamer complexes containing single acetylation sites. We compared the local sequence of the best and worst tetramer substrates, H3K9ac and H3K14ac, in the context of the complete histone octamer. Histone octamers were reconstituted with two copies of each core histone (H2A, H2B, singly-acetylated H3, and H4). The deacetylation rate catalyzed by HDAC8 was measured under single turnover conditions and analyzed as described for the tetramer. The resulting k obs values for H3K9ac octamer are linearly dependent on the HDAC8 concentration ( Fig. 3) , yielding a k max /K1 ⁄ 2 value of 3,700 Ϯ 100 M Ϫ1 s Ϫ1 . Deacetylation of the H3K14ac octamer has a hyperbolic dependence on HDAC8 concentration leading to a value of k max /K1 ⁄ 2 of 1,000 Ϯ 200 M Ϫ1 s Ϫ1 . This catalytic efficiency is decreased 3-fold compared with the H3K14ac/H4 tetramer and is 40 -120-fold faster than the deacetylation of H3K14ac peptides. The catalytic efficiency for the H3K9ac octamer site is decreased 4-fold compared with that of the H3K9ac tetramer.
HDAC8-catalyzed deacetylation of acetylated nucleosome is slow
HDACs involved in transcriptional regulation are likely to encounter nucleic acid-bound substrate proteins. To test the selectivity of HDAC-catalyzed deacetylation for a substrate complex containing nucleic acids, we incorporated H3K9ac into recombinant mononucleosomes. Deacetylation of these complexes was assayed in the same manner as the tetramer and octamer substrates (Fig. 4 ). The addition of nucleic acids to the octamer to assemble nucleosomal substrates significantly decreased HDAC8 catalytic efficiency at the H3K9ac site, k max / K1 ⁄ 2 ϭ 28 Ϯ 3 M Ϫ1 s Ϫ1 . This is 2-fold slower than the k cat /K m value for the H3K9ac 7-mer peptide and 600-fold slower than deacetylation of this site in the H3/H4 tetramer. Adding the nucleosomal DNA to a Fluor-de-Lys peptide deacetylation assay resulted in an initial rate that is decreased only 25% compared with that of HDAC8 and peptide alone (data not shown); thus, the 130-fold decrease in HDAC8 activity observed between octamer and nucleosome substrates is not explained by DNA inhibition of the enzyme. 
HDAC8 activity enhanced for protein substrates
Discussion
To understand the role of HDACs in cellular regulation, it is important to determine the substrate specificity and the molecular determinants of substrate recognition for each isozyme. Until now, HDAC recognition of protein substrates has largely been tackled by studying activity toward peptide substrates, which typically interact with less than an 8 ϫ 20-Å 2 area of an ϳ2,025-Å 2 binding surface (22) . Within this larger binding interface, there may be many more HDAC8 -protein substrate contacts, including potential recognition hot spots and negative interaction sites. With a peptide, a single interaction of 0.5-2 kcal/mol can alter the catalytic efficiency by 50-fold (55) . With a protein substrate, the increased number of interaction sites could overcome the several kilocalorie/mol interaction energy obtained from local contacts. Previously, distal HDAC8substrate interactions have been observed using long peptide substrates; an upstream KRHR motif (based on histone H4) increases HDAC8-catalyzed deacetylation of an acetylated peptide (15) . To elucidate the role of long-range interactions on HDAC8 substrate recognition, we measured HDAC8-catalyzed deacetylation of substrates of increasing size and complexity, from peptide to full-length protein and protein-nucleic acid complex.
To analyze HDAC8-catalyzed deacetylation of peptide and protein substrates, we compared multiple turnover reactions (k cat /K m ) of peptide substrates to single turnover (k max /K1 ⁄ 2 ) reactions of the protein substrates. This comparison of k cat /K m to k max /K1 ⁄ 2 was due mainly to the challenge of preparing sufficient quantities of singly-acetylated protein substrates to measure under MTO conditions. A variety of data suggest that the kinetic mechanism for deacetylation of most peptide substrates under MTO conditions is rapid equilibrium binding followed by a slow hydrolytic step. For example, our peptide assay demonstrated comparable deacetylation rate constants (within 3-fold) under MTO and STO conditions. Additionally, HDAC8 catalyzes deacetylation of trifluoroacetate peptide substrates faster than non-fluorinated peptides (k cat ), indicating that product release is not the main rate-limiting step (44) . Furthermore, the k cat /K m values for peptides are significantly slower than diffusion control (10 2 -10 3 M Ϫ1 s Ϫ1 versus 10 7 -10 8 M Ϫ1 s Ϫ1 ), and the K m values are large (Ͼ100 M), suggesting that a step other than substrate association, such as hydrolysis, is the rate-limiting step. Similarly, the values of k max /K1 ⁄ 2 are significantly lower than diffusion-controlled values suggesting that a step after association and at or before hydrolysis is the ratelimiting step under STO conditions. Based on these data, we assume that the apparent second-order rate constants determined under MTO and STO conditions characterize the same hydrolytic step.
HDAC8 has a remarkably enhanced catalytic efficiency for protein substrates in comparison with the corresponding peptides. The varied HDAC8 catalytic efficiencies likely reflect the interactions between HDAC8 and substrate residues surrounding the acetyl-lysine, as demonstrated previously (15), differences in accessibility of the acetyl-lysine to the active site, and distal interactions between HDAC8 and protein substrates. Previous analysis of activity toward acetylated peptide substrates has shown that HDAC8 prefers substrates with aromatic amino acids on the C-terminal side of the acetyl-lysine (ϩ1 position) (13, 14) . Based on these empirical data, the mediocre catalytic efficiency of the histone H3-based peptides (10 to 10 2 M Ϫ1 s Ϫ1 ) ( Table 2 ) was predictable due to the lack of aromatic residues. The interactions between the 7-mer peptides and HDAC8 occur within an ϳ10-Å radius of the active site. HDAC8-catalyzed hydrolysis of the acetylated H3/H4 tetramers, which still lack an aromatic residue in the ϩ1 position, is 40 -400 times faster than the corresponding peptides. Thus, HDAC8 -tetramer interactions that are absent with the peptide substrates enhance HDAC8 substrate recognition. The increased catalytic efficiency for deacetylation of the acetylated H3/H4 tetramer compared with peptides corresponds to a Gibbs free energy increase of 2-4 kcal/mol, indicating a lower activation energy (Equation 1) and demonstrating the importance of long-range interactions for HDAC8 substrate recognition.
The Mrksich group previously demonstrated that distal HDAC8 -peptide interactions can enhance deacetylation and proposed an exosite model that involves binding at the active site and at a second location elsewhere on the HDAC8 surface (15) . Structures of peptides bound to HDAC8 are in an extended conformation (19, 22, 30) . Consistent with this, H3K9ac and H3K14ac sites are both located on the unstructured histone tail. The H3K9ac/H4 tetramer has both the highest value of k max /K1 ⁄ 2 and the largest increase in reactivity compared with the corresponding 9-mer peptide (300-fold), which could be attributed to one or a few strong interactions or several weak interactions. H3K14ac/H4 is the slowest of the singlyacetylated tetramers tested, but the fold difference between H3K14ac/H4 tetramer and 9-mer peptide (300-fold) is similar to that of H3K9ac/H4 tetramer. H3K9ac and H3K14ac are similarly positioned in the H3 tail, so the surprising disparity in HDAC8 activity toward these sites suggests the important role of local sequence on HDAC8 selectivity, even within the context of a full-length protein. Moreover, H3K56ac is The initial rate of progress curves for deacetylation of H3K9ac nucleosome catalyzed by 0 -7.5 M HDAC8 was fit linearly, and the rate constant was calculated assuming 100% deacetylated product. The data points are from multiple measurements in a single reaction at each HDAC8 concentration, and error bars represent errors calculated from the initial rate fits. A linear fit of the data indicates that k max /K1 ⁄2 is 28
HDAC8 activity enhanced for protein substrates located on an ␣-helix that may significantly hinder interaction with HDAC8. Consistent with this, although the H3K56ac/H4 tetramer demonstrates the second fastest reactivity, the fold difference compared with the 9-mer peptide is the smallest (50-fold). This could reflect either weak affinity with the ␣-helix structure or a requirement for unfolding of the helix.
The crystal structure of HDAC8 is useful in visualizing potential protein-protein interactions involved in full-length substrate recognition. In many crystal structures, HDAC8 forms a dimer at the substrate-binding interface, as part of the fundamental crystal unit. This potential protein substratebinding interface is a flexible 45 ϫ 45 Å 2 surface containing multiple interaction sites, including 10 van der Waals interactions and 6 hydrogen bonds between the HDAC8 dimers (21, 23) . The interactions observed between these two HDAC8 units provide a framework for exploring the differences in catalytic efficiency observed for peptide and full-length substrates. The 2-4 kcal/mol difference in Gibbs free energy between the peptide and tetramer deacetylation could be explained by the van der Waals interactions and/or hydrogen bonds that are observed in the dimeric crystal structures. The dimer also displays repulsive charge-charge interactions. The attractive and repulsive protein-protein interactions likely work in concert to determine HDAC8 substrate specificity. The HDAC8 substrate-binding interface is mainly composed of flexible loops. Recent crystal structures have shown conformational changes in HDAC8 loops L1 and L2 upon binding of largazole analogs, as well as different L1 and L2 loop conformations between two monomers of the same crystal structure, demonstrating the adaptability and importance of these loops in HDAC8 inhibitor and substrate binding (26) .
Catalytic efficiency is not enhanced by increasing the size and complexity of the protein substrate from a tetramer to the histone octamer. The H3K14ac histone octamer was deacetylated with a similar catalytic efficiency to the corresponding tetrameric substrate, suggesting that interactions with the tetramer are sufficient to explain HDAC8 substrate interactions in that case. In contrast, the H3K9ac octamer was deacetylated at least 4-fold slower than the tetrameric substrate. This is likely due to decreased accessibility of the acetyl-lysine to the HDAC8 active site, although other effects, including protein-protein interactions and allosteric effects could be involved in the recognition of these proteins. This suggests that HDAC8 substrate recognition is highly dependent on the histone complex. A concern with assaying octamer under low-salt conditions (HDAC8 assay buffer and less than 240 mM NaCl) is that the octamer would disassemble into H3/H4 tetramer and H2A/H2B dimers. However, the sensitivity of HDAC8 toward NaCl precluded higher salt concentrations (29) . HDAC8 activity is salt-and pH-sensitive, and the selected assay buffer conditions were optimal for HDAC8 activity (29) . The observed kinetics for the tetramer and octamer substrates are significantly different and suggest that the octamers, once assembled, remain intact during our assays.
Addition of nucleic acid to form a nucleosome converted the most efficient protein substrate, the H3K9ac/H4 tetramer, to a substrate that is deacetylated by HDAC8 less efficiently than the corresponding peptide. The drastic decrease in k max /K1 ⁄ 2 values for nucleosomal H3K9ac likely reflects decreased substrate accessibility to the acetyl-lysine on the H3 tail by the nucleosome. One possibility is that the positively charged histone H3 tail interacts with the negatively charged DNA in the nucleosome and is no longer accessible to HDAC8. These data are consistent with proteomic studies suggesting that histones are not physiological substrates for HDAC8 (34) . However, the low reactivity observed for nucleosomal H3K9ac does not completely preclude deacetylation by HDAC8 under all conditions. The chromatin structure can be altered by transcription factors, DNA-binding proteins, chromatin-remodeling factors and other proteins, possibly complexed with HDAC, to alter the accessibility of acetylated lysines in the tail of H3.
This work presents the first report of detailed kinetics for HDAC8-catalyzed deacetylation of singly-acetylated, fulllength protein substrates and adds integral information to the field of HDAC substrate specificity. The direct comparison of peptides and protein substrates reveals that additional factors alter activity of HDAC8 with protein substrates, including both increased activity due to distal protein-protein interactions and decreased activity due to decreased accessibility of the acetyl-lysine side chain. HDAC8 catalyzes deacetylation of tetrameric protein substrates with catalytic efficiencies more than 40-fold greater than corresponding peptide substrates due to enhanced protein-protein interactions. However, further increasing the protein complex size decreases catalytic efficiency, likely due to decreased side chain accessibility. These differences in catalytic efficiency represent the effects of HDAC8 -protein substrate interactions that are absent in HDAC8 -peptide interactions. This work provides a foundation for the study of full-length protein substrate specificity of HDACs.
Experimental procedures
Materials
Adenosine triphosphate (ATP), coenzyme A, nicotinamide adenine dinucleotide (NAD ϩ ), L-malic acid, citrate synthase, malate dehydrogenase, and propionic anhydride were purchased from Sigma. Peptides were purchased from Peptide 2.0 Inc. Zinc(II) used to reconstitute HDAC8 was purchased as an ICP standard (GFS Chemicals) or atomic spectroscopy standard (Fluka), and the acetic acid standard was purchased from Ricca Chemical Co. Chelex 100 resin was purchased from Bio-Rad. Acetyl-lysine was purchased from Chem-Impex Chemical International Inc. ␣-Cyano-4-hydroxycinnamic acid (CHCA) MALDI matrix was purchased from Thermo Fisher Scientific. All other materials were purchased from Fisher or Sigma and were of a purity Ͼ95% unless otherwise noted.
HDAC8 expression and purification
HDAC8 was expressed and purified using the method described previously (28, 55) with the following modifications. BL21(DE3) E. coli cells transformed with the plasmid pHD4-HDAC8-TEV-His 6 were used to express HDAC8 in modified autoinduction TB medium (12 g/liter tryptone, 24 g/liter yeast extract, 8.3 g/liter Tris-HCl, 4 g/liter lactose, 1 g/liter glucose, 1% (v/v) glycerol, pH 7.4) supplemented with 100 g/ml ampi-HDAC8 activity enhanced for protein substrates cillin and 200 M ZnSO 4 . The cells were grown overnight at 30°C and harvested 20 -24 h post-inoculation (9,000 ϫ g, 10 min, 4°C). The cell pellet was resuspended either in low-salt DEAE buffer (50 mM HEPES, 200 M ZnSO 4 , 1 mM TCEP, 50 mM NaCl, 5 mM KCl, 1 g/ml tert-amyl methyl ether, 10 g/ml phenylmethylsulfonyl fluoride (PMSF), pH 7.8) and lysed using a microfluidizer (Microfluidics). Nucleic acids were then precipitated by addition of 0.1% polyethyleneimine, pH 7.9, followed by centrifugation (39,000 ϫ g, 45 min, 4°C). HDAC8 was fractionated on a DEAE-Sepharose column with a stepwise salt elution (50 mM HEPES, 200 M ZnSO 4 , 1 mM TCEP, 5-500 mM NaCl, 5 mM KCl, pH 7.8) and dialyzed against Buffer A (50 mM HEPES, 100 mM NaCl, 25 mM imidazole, pH 7.8). The eluate was dialyzed against 50 mM HEPES, 50 mM NaCl, 25 mM imidazole, pH 7.8, for 1 h at 4°C and then incubated with Ni(II)charged chelating Sepharose fast flow resin (GE Healthcare) for 30 min, stirring on ice. HDAC8 was eluted from the metalaffinity chromatography column by a stepwise (50 -250 mM) imidazole gradient. HDAC8, together with at least 1 mg of Histagged TEV(S219V) protease per 15 mg of protein, was dialyzed overnight against Buffer A without imidazole at 4°C. Following the overnight TEV cleavage, HDAC8 was separated from TEV protease on a second Ni(II) column. The protein was further purified by size-exclusion chromatography using a HiPrep 16/60 Sephacryl S200 HR column (GE Healthcare) using sizeexclusion buffer (30 mM HEPES, pH 8, 150 mM NaCl, 1 mM TCEP). HDAC8 was then dialyzed against metal-free chelation buffer (25 mM MOPS, pH 7.5, 1 mM EDTA, 1 mM TCEP, 5 mM KCl) overnight, followed by metal-free buffer (25 mM MOPS, pH 7.5, 1 mM TCEP, 5 mM KCl). Finally, residual EDTA was removed with a PD-10 column (GE Healthcare) eluting with storage buffer (25 mM HEPES, pH 8, 127 mM NaCl, 3 mM KCl, and 1 mM TCEP). HDAC8 was concentrated, aliquoted, and stored at Ϫ80°C. HDAC8 activity was confirmed using the Fluor de Lys assay as described previously (28, 59, 60) .
Peptide deacetylation assay
HDAC8-catalyzed deacetylation of acetylated peptides was characterized using an enzyme-coupled assay, performed as described previously (55) with a few modifications. To prepare peptide stocks, lyophilized peptides were dissolved in water, 50% acetonitrile, or 10% DMSO, depending on their solubility. Peptide solutions were chelated by incubation with Chelex resin at 4°C for at least 3 h. Peptide concentrations were measured using the fluorescamine assay or absorbance at 280 nm, as described previously (55, 61) . Peptides (0 -100 M) were incubated in HDAC8 assay buffer (50 mM HEPES, 137 mM NaCl, 3.7 mM KCl, pH 7.8) for 10 min at 30°C before initiating reactions with the addition of 0.5 M Zn(II)-HDAC8. Acetate formation was coupled to NADH formation measured by an increase in fluorescence (ex ϭ 340 nm and em ϭ 460 nm) (55) . Initial rates were fit to the linear portion of the product versus time curve.
Histone expression and purification
Recombinant His 6 -tagged histone H3 variants containing a single acetyl-lysine were expressed and purified as described previously (54) with a few modifications. The acetyl-lysine was incorporated into expressed proteins at an amber codon site (TAG) using a tRNA-cognate tRNA synthetase pair encoded on the pAcKRS-3 plasmid (54) . Amber codons were substituted for the Lys-9, Lys-14, and Lys-56 codons in the His 6 -tagged Xenopus histone H3 in the PCDF PyLT-1 plasmid, a generous gift from J. Chin (53, 54) using QuikChange Site-directed Mutagenesis (Agilent). BL21(DE3) cells were transformed with the mutant or wild-type PCDF PyLT-1 and pAcKRS-3 plasmids for His 6 -tagged H3 expression. Expression plasmids for preparation of recombinant H2A, H2B, and H4 Xenopus histones were generous gifts from Geeta Narlikar. BL21(DE3) cells were transformed with the respective H2A, H2B, and H4 plasmids and grown in LB or 2ϫ YT supplemented with antibiotics (kanamycin and streptomycin for H3 or ampicillin for H2A, H2B, and H4) at 37°C until reaching an A 600 of 0.7. To express full-length histone H3 proteins with a single acetyl-lysine residue, 20 mM nicotinamide and 10 mM acetyl-lysine were added to the medium; 30 min later, 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was added to induce protein expression. For expression of the other histones, the cells were induced with 0.5 mM IPTG. The cultures were harvested 3-4 h after induction (9,000 ϫ g, 10 -15 min, 4°C). The cell pellets were stored at Ϫ80°C.
Histones were purified using established protocols (54, 62, 63) , with H3 Ni(II) column buffers modified to include 7 M urea and 1 mM TCEP. Tetramer, octamer, and nucleosome were assembled as described previously, and nucleosomes contained a 147-bp DNA fragment containing the 601 octamer positioning sequence prepared as described (54, (62) (63) (64) . The 601 plasmid was a generous gift from Yali Dou. Tetramer and octamer were purified by size-exclusion chromatography, selecting a single peak in each case. Tetramer assembly was tested using IM-MS (data not shown). Native PAGE was used to verify nucleosome consisting of DNA-bound histone protein. EDTA dialysis was used to remove any contaminating metal from histone protein complexes. Octamer and nucleosome were subsequently treated with Chelex resin for at least 1 h at 4°C to ensure metal removal. Inductively coupled plasma mass spectrometry (ICP-MS) was used to verify less than 10% metal contamination. Nucleosome was stored in 20% glycerol, 20 mM HEPES, pH 7.5-7.8, 1 mM TCEP.
Protein deacetylation assays
Apo-HDAC8 was reconstituted with stoichiometric Zn(II) for 1 h on ice in HDAC8 assay buffer (50 mM HEPES, 137 mM NaCl, 3.7 mM KCl, pH 7.8) (28) . Histone complexes were incubated in HDAC8 assay buffer for 10 min at 30°C before initiating reactions by addition of 0 -15 M Zn(II)-HDAC8. The final concentration of NaCl in the assays with octamer was 137 or 239 mM NaCl. This salt concentration is lower than typical histone octamer storage buffer (2 M NaCl (65)), but it allows for measurement of HDAC8 activity uninhibited by salt. Reactions were quenched by addition of 25% trichloroacetic acid at each time point, incubated for 30 min on ice, and centrifuged (16,000 ϫ g, 10 min, 4°C), and then the pellets were washed in cold acetone twice. Acetone-washed pellets were resuspended in 2 l of propionic anhydride and 6 l of ammonium hydroxide (NH 4 OH) and incubated at 51°C for 1 h. 30 l of 50 mM HDAC8 activity enhanced for protein substrates NH 4 HCO 3 was added to each tube, and the pH of each sample was adjusted to 7-9 using NH 4 OH. Then 0.2 g of trypsin (Promega) was added for overnight digestion at 37°C. The pH was then reduced for mass spectrometry (MS) by addition of 3.5 l of 10% formic acid. Tryptic peptides were analyzed by MS/MS analysis in the Andrews lab at Fox Chase Cancer Center, as described previously (45, 66) . Graphical analysis was done using Prism (GraphPad Software, Inc.). For each single turnover reaction, the k obs was determined by fitting a single exponential decay (Equation 2) to the fraction substrate over time determined from the MS/MS analysis. The k max /K1 ⁄ 2 
MALDI-TOF-MS deacetylation assay
HDAC8-catalyzed deacetylation of the H3K9ac 13-mer peptide was measured under STO ([E] Ͼ Ͼ [S]) and MTO ([S] Ͼ Ͼ [E]) conditions using MALDI-TOF-MS. Apo-HDAC8 was reconstituted with stoichiometric zinc(II) for 1 h on ice in HDAC8 assay buffer. The H3K9ac 13-mer peptide was incubated in HDAC8 assay buffer for 10 min at 30°C, and the deacetylation reaction was initiated with Zn(II)-HDAC8. MTO control reactions contained either 1 M enzyme and 50 M peptide or 150 M enzyme and 750 M peptide, and STO reactions contained 20 M peptide and 0, 50, 100, and 150 M enzyme (2.5, 5, and 7.5 ratio of [E]/substrate). At each time point, 2 l of reaction were quenched with 2 l of 10% HCl. Samples were stored at Ϫ80°C prior to MS analysis. The samples were prepared by mixing the quenched reactions 1:1 with CHCA MALDI matrix followed by spotting on a Bruker MALDI-TOF-MS plate. Spectra were collected using a Bruker AutoFlex Speed MALDI-TOF mass spectrometer calibrated with a series of five peptide standards. Three random measurements from each spot were averaged, and the fraction of product formed was calculated from the area under the curve of the product and substrate peaks. The k cat /K m values for the multiple turnover reaction was determined by fitting a line to the initial rate of the reaction progress curve. The k max /K1 ⁄ 2 values for the single turnover reaction was determined by fitting a hyperbola to the dependence of k obs on HDAC8 concentration (Equation 3). The values for k obs at each HDAC8 concentration were determined by fitting a single exponential to the time dependence of product formation (Equation 5). 
